This report describes a third mucopolysaccharidosis in animals: canine mucopolysaccharidosis VII. The affected dog was the offspring of a father-daughter mating. Weakness in the rear legs was evident at 8 weeks of age and became progressively worse. He had a large head, a shortened maxilla, and corneal granularities. Most joints were extremely lax, easily subluxated, with joint capsules that were swollen and fluctuant.
The MPS are a group of genetic diseases resulting from defective degradation of GAG (1 2). Each syndrome has a characteristic combination of clinical signs, urinary GAG excretion, and a specific lysosomal enzyme deficiency. The general clinical characteristics include dysostosis multiplex, facial dysmorphia, h e p atosplenomegaly, mental retardation, lysosomal accumulation and urinary excretion of GAG, and metachromatic granules in blood leukocytes. Animal models of MPS I [domestic cat (7) , plott hound dog (1 7)], and VI [Siamese cat (lo)] have been described. This report describes a third mucopolysaccharidosis in animals: canine mucopolysaccharidosis VII.
MATERIALS AND METHODS
Four animals were studied: The affected animal (referred to us by Dr. Niels Pederson, University of California, Davis) its parents, and a newborn half-sibling of the affected animal ( Fig.   1 ).
Urinary G1.vcosaminoglycans. Urine spot tests for GAG were performed (1). Urine was mixed with 10% cetylpyridinium chloride, the precipitate was treated as previously described (4) , and the residue was dissolved in 2 ml of distilled water. Aliquots were used for microelectrophoresis on a 0.7% agarose gel in 0.05 M 1,3diaminopropane:acetate buffer, pH 9.0. Digestion of the crude urinary GAG with chondroitinase AC (EC 4.2.2.5) and ABC (EC 4.2.2.4) (Sigma Chemical Co.) was performed as previously described ( 14) .
Pathology. Blood samples were collected in EDTA for light microscopy or in heparin for EM. Leukocytes for EM were separated by a modification of the method of Skoog and Beck (18) . Leukocytes and other tissues for EM were fixed in 5% buffered glutaraldehyde for 48 h, embedded in Spurr'se medium (20) , sectioned on a Sorvall MT2-B microtome to 700 A, stained with lead citrate-uranyl acetate, and examined using a Zeiss EM 9s-2 transmission electron microscope. Tissues for light microscopy were fixed in 10% buffered formalin, paraffin embedded, and sectioned. Routine stains included hematoxylin and eosin, cresyl violet, trichrome phosphotungstic acid-hematoxylin, and luxol blue-periodic acid Schiff-hematoxylin-eosin.
Enzyme assays. Liver (5 g) from the propositus, sire, dam, half-sibling, and 1 1 control dogs was thawed, cut into small pieces, and washed with cold saline to remove blood. Hepatic tissues (0.5 g) were homogenized in 5 volumes of 10 mM sodium phosphate buffer, pH 6.0, containing 0.2% Triton X-100. The homogenates were centrifuged at 17,000 x g for 30 min at 4°C. The supernatants were removed and used as enzyme source for the determination of arylsulfatase A and B activities using p nitrocatechol as substrate (1 1) and for the lysosomal glycosidases of 10 mM sodium phosphate buffer, pH 6.6, containing 0.01 M 2-mercaptoethanol and centrifuged. The supernatants were removed, solid ammonium sulfate was added to bring the supernatants to 65% saturation, and the mixture was stirred overnight at 4°C. The precipitate was removed by centrifugation and used as enzyme source (2 1) after exhaustive dialysis against the phosphate buffer.
Clinical features. The affected male, mixed breed dog was the offspring of a father-daughter mating. Weakness in the rear legs was evident at 8 weeks of age and became progressively worse. At 8 months of age, the animal was incapable of standing or fully supporting his weight and had a large head in proportion to his body, a shortened maxilla, and a relatively long mandible. The tongue protruded beyond the labial margins and the incisors were peg-shaped and wide-spaced. Both corneas contained diffuse fine stromal granularities with small, peripheral areas of edema and focal, central cholesterol deposits. Both the axial and appendicular skeletons were deformed: the spine was shortened and the rib cage was compressed dorsoventrally (antenor-postenor in man). The long bones were shortened and curved. Most joints were extremelyiax, easily subluxated and crepitant, with joint capsules that were swollen and fluctuant. Both patellas were luxated medially.
The dog was alert and had apparently normal pain perception in all areas. Function ofall cranial nerves was evaluated as within normal limits; segmental reflexes appeared normal, within the limits imposed by severe skeletal disease. Many of the muscles of locomotion were atrophied. The animal had an active libido and his semen was used to artificially inseminate three females, one of which conceived. Cardiovascular examination revealed no abnormalities.
At 13 months of age the animal had radiographic evidence of extensive skeletal disease including bilateral femoral head luxation (Fig. 2) , extensive abnormalities in the shape and density of the carpal and tarsal bones, radiolucent lesions of the epiphyseal regions of most long bones, and cervical vertebral dysplasia and platyspondylia. These lesions were more severe than when he was first examined at 8 months of age.
using the appropriate 4-methylumbelliferyl-glycoside as substrate In
Urine. Metabolic screening tests of the urine yielded a positive spot for GAG in the affected dog and no spot for control urine. The electrophoretic pattern of precipitated GAG from the affected dog's urine indicated a predominance of chondroitin 4 and/or 6 sulfate, and a small amount of dermatan sulfate. An equal volume of control urine treated in a similar manner revealed no spots. The urinary GAGS of the affected dog were not detected after digestion with chondroitinase ABC (Fig. 3 ).
Because digestion with chondroitinase AC is complete under the conditions used, the GAG remaining was interpreted to be dermatan sulfate which migrated further than the standard, possibly because of a lowered molecular weight.
Pathology. The animal died suddenly from gastric dilatation at 14 months of age. Ascites, hydrothorax, and pulmonary congestion were present. There was generalized hepatomegaly, thickening of the atrioventricular heart valves, and generalized polyarthropathy with villous proliferation of synovial membranes in the joints of the appendicular skeleton. The lateral cerebral ventricles were moderately dilated. By light microscopy, vacuolated cytoplasm was observed in hepatocytes, keratocytes, fibroblasts, chondrocytes and cells of the synovial membrane, retinal pigment epithelium, and cardiac valves. Neurons with cytoplasmic vacuoles (Fig. 4) were clearly demonstrated in the spinal cord, hippocampal ganglion cells, pyramidal cells, sensory VI nucleus, and cerebral cortex. Evidence of storage was not definitive in other areas of the brain due to relatively poor fixation. Electron microscopy demonstrated membrane-bound cytoplasmic inclusions in polymorphonuclear leukocytes, hepatocytes (Fig. 5) , keratocytes and cells of the conjunctiva, retinal pigment epithelium, synovium, heart valves, and spleen.
Enzyme assays. The activities of 12 lysosomal hydrolases were determined in liver from the affected and control dogs ( Table 1) . The activity of P-glucuronidase was reduced to less than 2% of the normal mean value in normal controls. Liver obtained by biopsy from the sire and dam and postmortem liver from a halfsibling were assayed for P-glucuronidase activity (Table 2) which revealed half-normal and less than half-normal activity in the half-sibling and dam, respectively, but near normal activity in the sire.
Genetics. The affected dog was the product of a consanguineous mating (father-daughter) (Fig. 1) . Two siblings from a previous litter by the same parents were described as having a phenotype similar to the propositus. The historical data combined with the liver enzyme data of the half-sibling are consistent with an autosomal recessive pattern of inheritance as is seen in the human disease. DISCUSSION storage disease and mental retardation. Neuronal storage has been described in one human MPS VII patient (22). The affected dog had evidence of storage in central nervous system neurons without obvious clinical signs of neurologic disease, as has also been reported in cats and dogs with MPS I (7, 17) . In animals, clinical signs which can be related to mental retardation are difficult to evaluate.
Previously, a deficiency of P-glucuronidase activity has been reported in the C3H mouse strain (13) . However, these mice have about 20% of the activity usually observed in mice and do not accumulate GAG, nor do they have morphologic or clinical manifestations of disease. This report describing canine MPS VII therefore represents the first animal model of P-glucuronidase deficiency with associated disease. The parents of the affected dog are being bred to produce a colony of affected animals which should provide an opportunity to investigate the pathogenesis of this disorder, as well as approaches to therapy. The clinical phenotype of the affected dog most closely resemblid that of the more severely affected human patients.
The detection of heterozygotes by the determination of intermediate levels of Bglucuronidase activity in parents of affected children has not been uniformly successful. Eleven obligate heterozygotes (parents of affected offspring) had levels of Pglucuronidase activity in cultured fibroblasts, serum, or white blood cells that overlapped the normal range, similar to that observed for the sire of the affected dog. At present, there is no adequate explanation for this observation.
Postmortem studies in human MPS VII patients have been limited (9, 22) ; antemortern studies of blood, bone marrow, cultured fibroblasts, and liver have been reported (6) . The widely disseminated cytoplasmic vacuolation described in these patients was similar to that seen in the dog. The presence of storage within neurons is expected in human patients with lysosomal
